The mechanism of selenium secretion by the mammary gland and effects of dietary copper and selenium metabolism on selenium in milk were investigated.
INTRODUCTION
Milk is a rich source of nutritionally available minerals. Selenium content of milk ranges from 3 to 1270 ng/ml depending on dietary intake (28). Infrequent simultaneous measurements of Se in milk and plasma suggest that the mammary gland is not active in regulating selenium transfer from plasma to milk (17) . This suggestion cannot be confirmed physiologically, since the mechanism of transport of selenium through the mammary epithelial cell has not been explained.
Major components of milk are secreted by three coordinated pathways, and it is likely that transport of each trace mineral element follows one or more of these routes. Milk fat is released as globules that become membrane encapsulated as they leave the secretory cell. Protein and lactose are synthesized in the endoplasmic reticulum and Golgi apparatus, migrate through the cell in secretory vesicles, and are released by exocytosis of these vesicles. Newly synthesized lactose pulls water across the secretory vesicle or plasma membrane osmotically. Electrolytes and other compounds in solution follow in response to their concentration gradient (15) . This study was to determine which of these steps are involved in translocation of selenium from plasma to milk.
The metabolism of selenite by blood cells has been researched actively (6, 14, 18) . Secondary objectives were to study effects of extra-mammary selenium metabolism on selenium in milk and to determine whether high dietary copper, which reduces selenium toxicity in some animals (8, 18, 23) , alters metabolism of selenium in lactating goats fed normal amounts of selenium.
experiment. One member of each pair was assigned randomly to control diet and the other to high copper diet. The control diet consisted of 60% ground corn, 22% soybean oil meal, 15% coastal bermudagrass pellets, with vitamin and mineral supplements. The copper content was 15 ppm. The high copper diet was made by adding 100 ppm Cu (as copper sulfate) to the control diet. Diets were fed for approximately 30 min twice daily while the goats were being milked manually. Alfalfa hay and water were available ad libitum. Goats were housed in a covered pen and fed the experimental diets at least 2 wk prior to dosing.
On day 1 of the experimental period for each pair of goats, a 2.1 × 83 mm Teflon catheter was inserted into the jugular vein and taped in place. An i.v. dose of 7SSe (avg of 253 /~Ci and 182 mCi/mg) as selenous acid was administered through a P.E. 90 tube threaded through the Teflon catheter. Blood and milk samples were taken hourly for 8 h on day 1 and daily thereafter during the a.m. milking for 7 days following dosing. The hourly milk samples on day 1 were obtained following injection of 100 mU oxytocin through the catheter.
A 5-ml portion of each blood sample was placed in a preweighed counting tube for 7SSe determination. The remainder was centrifuged, and plasma was separated and counted for 7SSe in a well type NaI (T1) crystal scintillation counter. 4 Milk was counted for 7s Se, and a portion of each sample was fractionated further into cream, whey, and casein as in (1) . Nitrogen contents of several of the casein and whey samples were determined by Kjeldahl analysis (29).
Goats were killed on day 7 following 7SSe dosing. Liver, kidney, and mammary glands were removed and counted for 7SSe. Portions were placed in plastic bags and quickly frozen by immersing in a dry ice-acetone mixture. Crude cell fractionation of these tissues from four goats later were obtained by homogenization of minced tissue in 2 volumes of .25 M sucrose in a motor driven, ground glass on glass 4Baird Atomic, Model No. 709, Cambridge, MA. S Sorval RC-2B centrifuge, Irvan Sorvall, Inc., Norwalk, CT.
6Beckman L2-65 ultracentrifuge, Palo Alto, CA.
Dual homogenizer, followed by differential centrifugation. The pellet removed after 10 min centrifugation s at 1200 x g was denoted as nucleii and cell debris. The pellet from 20-min centrifugation s at 10,000 x g contained mitochondria. The supernatant fluid was centrifuged 6 60 min at 100,000 x g to obtain the microsomal fraction (pellet) and cytosol. Data were analyzed by the analysis of variance plot and general linear model procedures of SAS (4) or by paired t test (5) as appropriate.
RESULTS
Goats fed the high Cu diet had a Cu intake from concentrate over six times that for the control group (Table 1) . When goats were sacrificed 7 days after dosing, Cu in the livers of the high Cu group was nearly twice Cu in the control group. There were no significant differences between the two dietary treatments in feed intake, milk production, Cu in kidney or mammary tissue, or 7SSe in blood, plasma, milk, or milk fractions. For the remainder of the analyses, data from the two groups were combined.
Initial entry of 7SSe into milk occurred within the 1st h after dosing, rising to a peak activity at 3 to 4 h (Figure 1 , inset). This was followed by a sharp reduction and then a slow decline over the remainder of the week.
In blood 7SSe was at peak concentration 3 to 5 h after i.v. dose. Peak 75Se activity in plasma occurred at 6 h ( Figure 2 , inset). There was a sharp decline in activity after the first 8 h, until the 7s Se activity of blood and plasma leveled off by days 2 and 3 ( Figure 2 ). Blood samples were taken from two goats, 15 and 40 min after dosing (data not shown). In one goat, 7s Se in blood and plasma was lowest at 40 min. The minimum activity had been reached within 15 rain after dosing in the other goat. Blood 7SSe was 13.7, 15.0, and 18.0% of dose per kg at 15, 40, and 60 min after i.v. dosing in the second goat.
Distribution of 7SSe in the milk fractions ( Figure 3 ) changed markedly within the 1st day. Percent of total isotope in all three fractions in whey decreased from 38 to 30, that in cream decreased from 14 to 10, and the percent in casein increased from 48 to 56% within the first 3 h. At 24 h, 7s Se in milk had reached a Table  2) , percent of dose per kg whey protein was higher than for casein protein at 2 h but was lower in the samples taken thereafter. Overall acid precipitable casein contained more of the 7SSe than an equivalent amount of whey protein.
Mean 7SSe activity in milk for each sampling time is plotted against activity in plasma at the same time in Figure 4a . The regression line was computed from all individual data. The slope of the line was not significantly different from 0 (P = .10). A similar regression was calculated for 7SSe in milk on 7SSe in whole blood (not shown). Again the squared correlation was low (R 2 = .05) and the slope not significant (P = .06). Data points tended to be grouped according to sample time. The ratio of milk 7s Se to plasma 7SSe was plotted against time after dosing (Figure 4b) . A trend toward increased 7SSe in milk during the last 2 days (Figure 1 ) is reflected in this ratio (Figure 4b) . However, the increase was not significant (P = .05). Overall, 7SSe concentration in milk averaged 7.6% of the simultaneous activity in plasma.
The distribution of 7s Se in tissues sampled 7 days after dosing is listed in Table 3 . The highest 7SSe concentration was in kidney. The isotope was distributed evenly throughout cells of mammary gland and liver but was concentrated in nucleii and cell debris of kidney. Blood contained 13.4% of the dose on the day the animals were killed, based on 7% of body weight for blood volume (2) . The 7s Se in plasma accounted for 9.8% of the dose. The average secretion of the isotope through milk was .44% of the dose per day.
DISCUSSION

Effect of Copper on Selenium Metabolism
Increased dietary copper reduced susceptibility to selenium toxicity in chicks (9, 11) and ponies (26). High dietary copper (800 to 1600 ppm) can precipitate a selenium deficiency in chicks (12) . High copper intake did not affect metabolism of selenium in goats. The increased copper intake by the goats on the high Cu diet (62 mg/day) appeared to be sequestered efficiently in the liver. This allowed copper in other tissues to be maintained at or below normal. The capacity of liver to store copper
• ,__. aThere was no significant time effect (P=.78).
bTsse in casein was greater than ~SSe in whey (P<.002). However, there was also a significant fraction × time interaction (P<.O02).
was not exceeded in two of three goats drenched daily with CuSO4 in amounts more than five times those in our study, but Cu in liver was three times that in the high Cu goats (25). Sheep are more susceptible to copper poisoning than goats, but there is no correlation between copper and selenium in livers of normal and copper poisoned sheep (24). In calves, accumulation of Cu in liver prevented a rise in Cu of plasma when 100 or 200 ppm was fed (3). Thus, the Cu-Se antagonism reported in some species is not evident with copper commonly fed to ruminant animals.
No report of the biochemical basis for a Cu-Se interaction has been found. Even so, Ratter (21) recently reported copper inhibition of yeast glutathione reductase. This enzyme is thought to be necessary for release of reduced selenium from erythrocytes (8) , an important step in metabolism of intravenously injected selenite (22). Inhibition of erythrocyte glutathione reductase likely was prevented in the goats on .the high copper diet by the copper accumulation in liver.
Our data suggest that either selenium metabolism by liver is not dependent on a glutathione reductase sensitive to Cu or copper sequestered in this organ is in a tightly bound nonreactive form.
Evidence for Metabolism of Selenite
The 7SSe dose was injected directly into venous circulation. One would expect, therefore, that the highest 7s Se activity would be in the first blood sample and that blood and plasma 7SSe concentrations would continue to decline as it is absorbed by other tissues and excreted by various routes. However, peak concentration in blood and plasma was not reached until 3 and 6 h after the dose. The injected 7SSe0~ !:f al,200 X g, 10 rain, pellet. bl0,O00 X g, 20 rain, pellet. Cl00,000 × g, 60 min, pellet. dlo0,000 × g, 60 rain, supernatant fluid.
must have been cleared rapidly from the blood by some other tissue (in less than 15 min in some cases) and then released into the circulation over hours. Numerous tissues, especially liver, may contribute to the rapid selenite uptake (22). The decline in blood 7SSe over the next few days can be attributed to excretion and incorporation into tissue proteins. When the animals were killed, the greatest accumulation had shifted to kidney. This agrees with (16, 20) . The occurrence of 7s Se in milk within I h is evidence for rapid uptake of selenite in the mammary gland. Selenium may be released subsequently by the mammary cells either to the circulation or to milk. The distribution of the 7SSe in the 1-h milk sample was different from that seen later. Less than half was with the casein fraction, and more was in whey than on following days. Comparing the 7s Se content with the protein content of the casein and whey fractions, showed that only during the earliest measurement was there more selenium associated with the whey portion than with casein. Part of the Se in whey at this time may have been in an unbound form as when selenite is added to whole milk in vitro (1) . In contrast, 24 h or more after dosing, approximately 80% of the 7SSe recovered from the fractionation procedure was in casein, and 10% was in whey. On a protein basis, casein and whey protein contained nearly the same amounts of 7SSe. These differences in the distribution of 7s Se in milk between the early and later times can be explained by selenite metabolism to a reduced form with a higher affinity for protein binding in tissues away from the mammary gland.
Mechanism of Selenium Secretion in Milk
The distribution of selenium in milk during the last 6 days of the experiment implies that most Se is secreted by exocytosis of secretory vesicles. Approximately 80% of the 7SSe in milk was associated with casein, and the 10% in whey can be accounted for by binding to whey proteins. The close association of selenium with protein implies a shared secretory mechanism. The 10% in the cream fraction may be bound to proteins on the milk fat globule membrane (27). This distribution agrees with other workers who found 73 to 79% of 7s Se from selenite or selenomethionine in the protein portion of mature ewe's milk and 3 to 4% in cream (10) . In goats dosed subcutaneously with selenomethionine, 70% of the radioactivity in milk was in casein (13) .
Indirect evidence that Se is secreted with protein through secretory vesicles can be obtained from the course of secretion following dosing (14) . The method, as previously used (14, 19) , assumes that peak concentration in plasma occurs at infusion. Our results show that 7SSe in plasma continued to increase until 2 h after dosing. Peak 7SSe in milk occurred 2 h after the first plasma peak (4 h after dosing). With this correction for the lag in peak 7s Se in plasma, these data conform to the time required for peak secretion of 14C lactose and 14C citrate (14) following infusion of their iso-topically labeled precursors. All of these are secreted from the mammary epithelial cells by inclusion in secretory vesicles and release by exocytosis. Presumably selenium is secreted predominantly by this mechanism also.
Although secretion of some elements into milk involves active transport (19) , the downhill selenium concentration gradient from plasma to milk implies that a passive mechanism of transport through the cells would suffice. However, if simple passive diffusion were the only means of transport, one would expect a positive correlation between activity of ~s Se in milk and that in plasma. This was not the case. When milk selenium is plotted against plasma selenium, data points fall into three distinct groups. The lowest milk 7s Se was at 1 h. At this point, 7s SeO~ diffusing from plasma would be diluted by the residual milk in the gland. The data from 2 to 8 h are grouped together at the higher plasma and milk 7s Se range. Data from 24 to 168 h have plasma 7SSe ranging from 4 to 10% of dose/kg. The grouping of the data in this way, and the resulting lack of correlation and dependence of 7SSe in milk on 7SSe in plasma may be because of the involvement of more than one form of selenium. In the first few hours after dosing, the predominant 7s Se form in plasma is likely to be an erythrocyte metabolite, possibly a selenotrisulfide (7). Days later, another tissue, e.g., liver, could release a different metabolite with a greater affinity for milk proteins. This would cause the increase in 7s Se in milk and in the ratio of milk to plasma.
This dual metabolite hypothesis can be supported by previous studies. When brewer's grains were used as a selenium source instead of selenite (6), 82.5% of the intake was secreted into milk each day compared with 50.8% for cows fed similar Se as selenite. Plasma Se and the ratio of milk Se to plasma Se also were higher when the Se was in the more available form of brewer's grains. The Se in brewer's grains already may be in a reduced form analogous to that released from tissues. Furthermore, as dietary Se increases, the percentage of intake secreted in milk decreases (6, 17) . A low intake may be converted efficiently to the more available metabolite by liver, while greater intakes rely more on erythrocyte metabolism.
Ratios of milk Se to plasma Se and the portion of total output accounted for by milk were lower in our study than others in which Se was fed (6, 17) or the isotope given intraruminally (20) . Milk 7SSe averaged 7.6% of the plasma 7SSe in these goats but was 25% in intraruminally dosed ewes (20) . Total Se in bovine milk ranged from 18 to 39% (6) and 33 to 56% (17) of the plasmaSe. The cows secreted 15 to 82% (6) and 7 to 18% of their dietary Se into milk. In our study an average of 3.08% of the 7SSe dose was secreted into milk by these i.v. dosed goats during the 1st wk.
McMurray and Davidson (18) devised a detailed model for the erythrocyte metabolism of selenite to a reduced selenium compound that binds reversibly with plasma proteins. Our data suggest further metabolism of Se in liver or other tissue. Selenite or the erythrocyte metabolite can be taken up by hepatocytes or other cells and converted to a different reduced compound. This form also would be released into plasma and transported by plasma proteins. At some distal site, such as the mammary gland, the plasma selenoproteins dissociate, and the reduced selenium compound is translocated into the mammary epithelial cell across the apical plasma membrane or membranes of the endoplasmic reticulum, Golgi complex, or secretory vesicles, and combines with milk proteins. The milk selenoproteins continue to be secreted in their usual manner.
Milk protein is not exceptional in its affinity for selenium. In the tissues fractionated, cytosol, mitochondria, nuclei, and connective tissue, all contained considerable quantities of selenium. Also, other tissues contain more selenium than mammary (16, 20) . The transport and metabolism of Se is protein dependent, and not all proteins bind Se with equal affinity (18) . The distribution among tissues and the activity differences between plasma and milk may be primarily the result of differing protein affinities for slenium.
